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ABSTRACT
ISOTHERMAL HIGH-FREQUENCY HIGH-CYCLE FATIGUE OF THE Ti-47AI- 
3Nb-2Cr-0.2W (at%) GAMMA TITANIUM ALUMINIDE ALLOY.
Dolley, Jr., Evan Jarrett 
University of Dayton, 1995 
Advisor: Dr. J.P. Gallagher
Axially loaded, high-cycle-fatigue test results are presented for tests 
performed at a frequency of 350 Hz on flat dogbone test specimens to 
investigate the effects of temperature and microstructure on the high-frequency 
high-cycle fatigue behavior of the Ti-47AI-3Nb-2Cr-0.2W (at%) gamma titanium 
aluminide alloy. The high-cycle fatigue tests are performed at 23, 600, and 
800°C on the nearly-lamellar and duplex microstructures.
For the nearly-lamellar microstructure, the fatigue strength at 108 cycles 
decreases with an increase in temperature. For the duplex microstructure, the 
fatigue strength is slightly effected by temperature increase up to 600°C. A 
reduction in the fatigue strength at 108 cycles is noticed with the duplex 
microstructure when the temperature is increased to 800°C.
The duplex microstructure has a superior fatigue strength/UTS ratio 
compared to the nearly-lamellar microstructure at all three temperatures. 
Although the fatigue strength/UTS ratios are high for the duplex microstructure,
orders of magnitude reduction in fatigue life is caused by defects in the material.
Interlamellar and translamellar damage mechanisms are found at nearly- 
lamellar initiation sites at the surface of the specimen. All nearly-lamellar critical 
cracks propagate from interlamellar initiation sites. The interlamellar fracture is 
not as pronounced on the fracture surfaces of the specimens that failed under 
monotonic loading. The lamellar interfaces become the weak link under cyclic 
loading. Initiation sites in the duplex microstructure occur by transgranular
fracture of a gamma grain in a gamma disk.
Results of direct current electric potential and the analysis of initial and
final flaw sizes show that a very small portion of fatigue life is due to crack 
propagation. A small increment exists between the stress intensity factor (K) 
values at initiation and final fracture.
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CHAPTER I
INTRODUCTION
Background
Gamma titanium aluminides [1-8] have been considered for gas turbine 
engine and automotive applications due to their oxidation resistance and 
attractive density corrected properties. Since these materials may be used in 
fracture critical components, a need to obtain a basic understanding of their high- 
cycle-fatigue behavior exists. One alloy which has shown promising properties is 
a Ti-47AI-3Nb-2Cr-0.2W (at. %) gamma titanium aluminide.
Recent research [9] has shown that the fatigue crack growth rates for this 
alloy have been very rapid at 23°C, 600°C, and 800°C for the fully-lamellar and 
duplex microstructures. Since the fatigue crack growth rates were rapid at these 
temperatures, the amount of time needed to propagate a critical crack may be a 
short part of the material's fatigue life. Due to this behavior, a fatigue limit design 
should be incorporated with a damage tolerance design. A complete 
characterization of the initiation site is essential since the majority of the 
components life is spent in crack initiation. Since high-frequency, high-cycle- 
fatigue loading occurs in service, the understanding of the high-cycle-fatigue
1
2behavior of this material plays a critical role in the design process for actual 
components.
Previous high-cycle-fatigue data accumulated for this alloy at a lower 
frequency of 25 Hz and 40 Hz have been to fatigue lives of 107 cycles. The 
previous data have been collected at 23°C with a stress ratio (R = amjn/amax) of 
0.1 and a test frequency of 40 Hz for fully-lamellar and duplex microstructures [8]; 
and, at 600°C and 800°C with a stress ratio of 0.1 and a test frequency of 25 Hz 
for refined-fully-lamellar and duplex microstructures [10]. The 40 Hz fatigue tests 
were performed on round dogbone specimens with a uniform gage section The 
25 Hz fatigue tests were performed on round hour-glass specimens. Fatigue 
strength at 107 cycles were not less than 75 % of the ultimate tensile strength at 
the test temperature. Other gamma titanium aluminide alloys [6,11,12] have 
shown similar fatigue strengths at 107 cycles. Research has also been 
performed [13,14] to characterize the fracture behavior of the duplex, fully- 
lamellar, and nearly-lamellar microstructures under monotonic loading for various 
alloy compositions.
Objective
The objective of this research was to develop a basic understanding of the 
effects of temperature and microstructure on the isothermal high-cycle-fatigue 
behavior of the Ti-47AI-3Nb-2Cr-0.2W (at.%) gamma titanium aluminide alloy. 
Fatigue lives between 107 and 109 cycles were characterized at 23°C, 600°C, 
and 800°C for the nearly-lamellar and duplex microstructures.
Damage mechanisms at crack initiation sites, for each microstructure and 
temperature, were investigated and evaluated with the use of metallography and 
optical and scanning electron microscopy.
3Initial and final flaw sizes were determined to evaluate stress intensity 
factors at initiation and fracture to evaluate the relationship of propagation life to 
the overall fatigue life.
CHAPTER II
MATERIAL, TEST EQUIPMENT, AND EXPERIMENTAL PROCEDURES
Material and test specimen geometry
The nominal material composition of the alloy tested was Ti-47AI-3Nb-2Cr- 
0.2W (at. %). Two separate forgings were used to produce the test specimens. 
These forgings were identified as forgings 1 and 2. The alloy composition in the 
as-received condition for the two forgings have been shown in Tables 1 and 2, 
respectively.
A skull melting/casting technique was used to produce the initial ingots of 
material. The ingots were then hot isostatic pressed and isothermally forged in 
two steps with an intermediate annealing process between the two forging steps. 
A 91% total reduction produced forged pancakes of approximately 24 cm. in 
diameter and 1.22 cm. thick.
The nearly-lamellar (N.L.) and duplex microstructures have been shown in 
Figure 1. The nearly-lamellar microstructure was produced using a heat 
treatment of 1260°C/3hrs./1350°C/0.5hrs./furnace cool to 900°C/air cool for 
forging 1 and 1340°C/0.5hrs./furnace cool to 1100°C/air cool for forging 2. The 
duplex microstructure was produced using a heat treatment of
4
51260°C/3hrs/furnace cool to 900°C/24hrs/air cool for forging 1 and 
1250°C/3hrs/furnace cool to 900°C/24hrs/air cool for forging 2. The material 
was aged at 900°C for 24 hours
Table 1. Alloy composition of forging 1.
Ti Al Nb Cr W O C N H
at% 47.76 46.78 2.95 2.06 0.188 0.198 0.059
wt% 57.64 31.80 6.90 2.70 0.870 0.08 0.010
ppm 12.0 6.20
Table 2. Alloy composition of forging 2.
Ti Al Nb Cr W O C N H
at% 47.18 47.09 2.97 2.10 0.199 0.320 0.060 0.121
wt% 56.10 31.54 6.84 2.70 0.910 0.120 0.018 0.042
ppm 6.20
6a) Nearly-lamellar (Forging 1)
b) Duplex (Forging 1)
Figure 1. Nearly-lamellar and duplex microstructures
7c) Nearly-lamellar (Forging 2)
d) Duplex (Forging 2)
Figure 1. (continued) Nearly-lamellar and duplex microstructures
8to ensure that the microstructure was stable at the elevated test temperatures of 
600°C and 800°C. The nearly-lamellar microstructure had a lamellar grain size of 
approximately 120 pm with equiaxed gamma grains of approximately 15 pm. 
The duplex microstructure had an equiaxed gamma grain size of approximately 
20 pm. Approximately 10% of the duplex microstructure consisted of alpha and 
lamellar grains. Grain size calculations were determined using ASTM standard 
112-88. Equiaxed gamma disks were formed in the duplex microstructure during 
material processing. Energy dispersive spectroscopy (EDS) was used to 
determine the relative change in composition between the gamma disks and the 
base microstructure. The EDS results showed that the disks are rich in 
aluminum. Due to the increased aluminum content in the gamma disks, the 
alpha phase did not develop to inhibit the growth of the gamma grains. The disks 
were approximately 100 pm thick with a range of diameters from 50 pm to 600 
pm. The outward radial direction of the disk was normal to the forging direction 
of the pancake. An outline of one quarter of a gamma disk has been shown in 
Figure 2. The gamma disks existed in all of the duplex specimens. Porosity was 
also discovered in the duplex test specimens as shown in Figure 3. Since the 
porosity was elongated normal to the forging direction, it was evident that the 
porosity developed prior to the forging process. The porosity developed as a 
result of an insufficient hot isostatic pressing (HIP) that was performed after the 
ingot was cast. An additional HIP'ing process may be required on the forged 
pancake. No relative change in the alloy composition was noted from the pores 
to the baseline microstructure using EDS with a scanning electron microscope.
The orientation of the test specimens as machined from the forged 
pancake has been shown in Figure 4. The test specimen geometry was a flat 
dogbone with the dimensions shown in Figure 5.
9a)
Figure 2. Lamellar disks in the duplex microstructure a) showing the orientation 
of the disk and b) showing the microstructure of the gamma disk.
10
Figure 3. Sub-surface porosity in a duplex test specimen.
11
Figure 4. Location of test specimens as machined from the forged pancake.
12
Figure 5. Machined flat dogbone test specimen (dimensions in mm).
Test specimen fabrication and preparation
A wire electric discharge machining (EDM) process was used to produce 
the flat dogbone test specimen geometry from an initial rectangular shape. The 
top and bottom of the test specimens were low stress ground to remove 
microcracks that form as a result of the EDM process. The microcracks that form 
on the edges of the specimen were removed by polishing with 320, 400, and 600 
grit silicon carbide paper, progressively.
The EDM microcracks were approximately 100 pm in length; therefore, 
150 pm of material was removed by the low stress grinding and mechanical 
polishing procedures. The test specimen gage section was then electropolished 
for 150 minutes. The electropolishing procedure removed an additional 100 pm of 
material to eliminate compressive residual stresses that were produced by the 
mechanical polishing and low stress grinding on the surface of the test specimen.
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Residual surface stress measurements on a Ti-6AI-2Sn-4Zr-6Mo(at%) test 
specimen [15] showed that the residual surface stresses were negligible when 25 
pm of material was removed by electropolishing after EDM and mechanical 
polish.
Test Equipment
All tensile tests were performed on a servohydraulic test system. The 
high-frequency, high-cycle-fatigue tests were performed on a fully automated 
C20 HCF/LCF test system. [16]
The C20 test system schematic has been shown in Figure 6. The C20 
HCF/LFC test system induces axial cyclic loading in the specimen at frequencies 
that can range from 100 Hz to 1000 Hz with positive stress ratios. The mean 
load on the specimen was applied using pneumatic loading. The high frequency 
load was superimposed on the mean load using an electromagnetic shaker 
system. A signal generator delivered a sinusoidal waveform to the power 
amplifier that drove the electromagnetic shaker. The pneumatic mean load was 
measured with the use of a load cell and the high frequency load was measured 
with a quartz force gage.
Modal Analysis and Frequency Response
A modal analysis was performed on a test specimen of the same 
geometry and stiffness as the proposed material to be tested. The modal 
analysis identified the test frequencies that produced unwanted specimen mode 
shapes. A frequency response of the quartz force gage was then performed over 
a range of frequencies from 150 to 400 Hz.
14
Figure 6. Schematic of the C20 HCF/LCF test system.
The frequencies that produced unwanted modes in the test specimen 
were 131.5 Hz, 247.8 Hz, 422.7 Hz, and 864.3 Hz. An exaggerated physical 
description of these modes have been shown in Figure 7. The upper and lower 
grips have been shown in Figure 7 with the test specimen centered horizontally 
and vertically between the grips. Figures 7 a and c have shown a modal 
response that was out-of-the-plane of the test specimen. Figure 7 b has shown a 
torsional and out-of-the-plane of the specimen modal response while Figure 7 d 
has shown a modal response that was both in-the-plane of the specimen and 
out-of-the-plane of the specimen.
C) d)
Figure 7. Test specimen mode shapes at a) 131.5 Hz, b) 247.8 Hz, c) 422.7 Hz, and d) 864.3 Hz. O1
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The frequency response testing was performed using a range of 
frequencies that did not include the frequencies that produced unwanted mode 
shapes in the test specimen. A specimen with two strain gages mounted directly 
across from each other was used to perform the frequency scan. The ratio of the 
output voltage from the strain gage to the output voltage from the force gage has 
been plotted against frequency in Figure 8. Upon completion of the frequency 
scan, the strain gage signals were examined at 100, 200, 300, 350, and 400 Hz. 
The strain gage signals were examined to ensure that the signals were in phase, 
and that a minimum difference occurred between the maximum output voltages. 
The frequency of 350 Hz was chosen since the difference between the output 
voltage for each strain gage at the maximum load was approximately 0.8%.
In summary, a test frequency of 350 Hz was chosen because specimen 
bending was less than 1%, no unwanted mode shapes were present, the 
sinusoidal strain gage signals were in phase, and the two strain gages 
experienced no more than a 0.8% difference in output.
Elevated Temperature Setup
The elevated temperature tests were performed using a three zone quartz 
lamp configuration. Two horizontal lamps were located at the rear of the 
specimen and one horizontal lamp was located at the front of the specimen. The 
feedback temperature control was provided with the use of one thermocouple for 
each rear zone. The front zone was controlled manually. The thermocouples 
could not be welded to the specimen since the weld produces small microcracks 
in the re-cast region. The thermocouples were attached to the test specimen 
using a wire wrap technique. The welded bead at the end of the type K 
thermocouple wire was flattened and then inspected for cracks. If cracks were
17
not found, the flattened bead was placed on the front surface of the test 
specimen as shown in Figure 9. A small piece of titanium foil was placed on top
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Figure 8. Frequency response of quartz force gage.
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Figure 9. Tied thermocouple setup.
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of the thermocouple bead and then fastened with a wire tie that was wrapped 
around the test specimen. The thermocouple wires were replaced prior to each 
high-cycle-fatigue test.
Prior to testing, the tied thermocouples were calibrated to thermocouples 
that were welded on a dummy specimen. For each tied thermocouple, another 
thermocouple was welded to the dummy specimen in the same vicinity. This 
calibration procedure was performed at 600°C and 800°C. At both temperatures 
the tied thermocouples read 10°C lower than the welded thermocouples. The 
calibration procedure was repeated five separate times for each temperature to 
ensure repeatability.
The thermal gradient along the test specimen gage section was also 
recorded using the dummy specimen. The thermal gradient along the specimen 
gage section was determined by placing one thermocouple every 5 mm along the 
20 mm gage section. The thermal gradients at 600 and 800°C have been shown 
in Figure 10. Also, the temperature varied by ±1°C across the width of the 
specimen and ±1 °C from the front to the rear of the specimen.
Damage Monitoring Technique
Direct current electric potential difference (DCEP) was used during high- 
cycle-fatigue testing to monitor the progression of damage in the test specimen. 
A voltage potential was created across the test specimen gage section by 
passing 10 amps of current through the test specimen. The electric potential was 
measured prior to testing and monitored during the high-cycle-fatigue test. The 
lead wires that were used to measure the electric potential could not be welded 
to the test specimen since the re-cast region of the weld produces micro-cracks 
in the test specimen. The test specimen was electrically isolated from the grips
20
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21
using a mica insulator between the grips and the test specimen. The electric 
potential lead wires were attached to small tabs that were in contact with the tab 
of the test specimen.
Experimental Procedures
The duplex and nearly-lamellar microstructures were characterized in 
terms of grain size and phase volume fraction with the use of optical and back 
scatter emission microscopy.
The tensile properties for this alloy were characterized by performing two 
tensile tests for each microstructure at 23°C, 600°C, and 800°C. Two tensile 
tests were also performed at strain rates between 6 s_1 and 8 s*1 on the nearly- 
lamellar microstructure at 23°C. These strain rates compared to the maximum 
strain rates (2.9 S’1) seen during high-cycle-fatigue testing at 350 Hz.
High-cycle-fatigue tests were performed to obtain cycles to failure for a 
given maximum stress. The maximum stress was systematically varied to 
generate S-N curves for the duplex and nearly-lamellar microstructures at 23°, 
600°, and 800°C. Fatigue lives up to 109 cycles were produced since the tests 
were performed at a frequency of 350 Hz. At a test frequency of 350 Hz., 109 
cycles can be achieved within 30 days compared to 385 days at a frequency of 
30 Hz. Environmental effects can also be reduced at 350 Hz since the time at 
temperature is reduced.
Elevated temperature testing was performed by heating the test specimen 
to the temperature setpoint and then maintaining that temperature during the 
high-cycle-fatigue test. The required time for the specimen to reach the 
temperature setpoint and stabilize was ten minutes.
22
Direct current electric potential difference was monitored during the high- 
cycle-fatigue test. The electric potential difference was measured prior to testing 
and then monitored for change during testing. A 0.25 % or larger change in the 
electric potential would be recorded.
Post fatigue optical and scanning electron microscopy and metallography 
were performed with the use of an optical microscope and a scanning electron 
microscope.
CHAPTER III
RESULTS
Tensile Test Results
Tensile tests were performed to characterize the tensile properties of the 
material in forging 1 at 23°C, and forging 2 at 23°C, 600°C, and 800°C. The 
tensile properties were characterized so that the maximum stress values for the 
initial fatigue tests could be determined along with supplying an ultimate tensile 
strength to provide a maximum stress value at 0.5 cycles. The full matrix of 
tensile tests were performed using strain control at a strain rate of 10'4 s'1. 
Forging 1 material was used for the room temperature fatigue testing, while 
forging 2 material was used for fatigue testing at 600°C, and 800°C. The tensile 
data for forgings 1 and 2 have been shown in Table 3. Figure 11 has shown the 
characteristic stress-strain curves for the nearly-lamellar and duplex 
microstructures at 23°C, 600°C, and 800°C.
Room temperature tensile tests were also performed at a strain rate 
between 6 s_1 and 8 s_1 on the nearly-lamellar microstructure. These tests were 
performed to determine the tensile properties using strain rates similar to the
23
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Table 3. Tensile test data. (N.L. = nearly-lamellar, DP. = duplex)
Specimen
ID
Temp
(°C)
Micro Forging UTS
(MPa)
0.2% Y.S. 
(MPa)
%
elongation
Modulus
(GPa)
Strain
Rate
mm/mm/s
94-G97 23.00 N.L. 1 482.32 408.18 1.68 165.68 1X10-4
95-000 23.00 N.L. 1 430.95 404.62 0.68 181.29 1X10-4
Average Values 456.64 406.40 1.18 173.49
95-602 23.00 N.L. 2 502.36 463.55 0.89 171.73 1X10-4
95-603 23.00 N.L. 2 513.87 464.95 1.06 168.16 1X10-4
Average Values 508.12 464.25 0.98 169.95
95-544 23.00 N.L. 2 522.80 515.10 0.60 176.20 6.90
95-573 23.00 N.L. 2 510.80 493.30 0.72 175.60 7.90
Average Values 516.80 504.20 0.66 175.90 7.40
95-604 600.00 N.L. 2 512.27 392.69 2.04 148.28 1X10-4
95-605 600.00 N.L. 2 543.32 399.59 2.58 155.77 1X10-4
Average Values 527.80 396.14 2.31 152.03
95-606 * 800.00 N.L. 2 421.43 359.39 3.00 135.50 1X10-4
95-607 * 800.00 N.L. 2 425.47 351.47 31.50 134.28 1X10-4
Average Values 423.45 355.43 17.250 134.89
95-174 23.00 DP. 1 489.49 464.66 1.64 176.13 1X10-4
95-660 23.00 DP. 2 559.77 521.31 1.93 165.77 1X10-4
95-663 23.00 DP. 2 556.25 520.15 1.72 157.90 1X10-4
Average Values 558.01 520.73 1.83 161.84
95-657 600.00 DP. 2 602.40 425.79 5.81 150.29 1X10-4
95-659 600.00 DP. 2 600.09 428.21 5.53 145.36 1X10-4
Average Values 601.25 427.00 5.67 147.83
95-651 * 800.00 DP. 2 346.55 337.59 31.00 112.49 1X10-4
95-652 * 800.00 DP. 2 355.78 343.22 31.00 104.61 1X10-4
Average Values 351.17 340.41 31.00 108.55
* Specimen did not fail.
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Figure 11. Stress-strain curves for the nearly-lamellar and duplex 
microstructures.
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Figure 11.(continued) Stress-strain curves for the nearly-lamellar and duplex 
microstructures.
maximum strain rate of the fatigue test. The maximum strain rate of the fatigue 
test was determined to be 2.9 s_1. A 40 MPa increase in the 0.2% yield strength 
(Y.S.) was achieved when the tensile tests were performed using the higher 
strain rate (between 6 s1 and 8 S'1). The increase in the ultimate tensile strength 
was minimal due to the decrease in percent elongation when tensile tested at the 
strain rate between 6 s-1 and 8 s*1. The nearly-lamellar, high strain rate tensile 
properties at 23°C have been shown in Table 3.
Fatigue Life Results
Fatigue lives were determined over a range of maximum stresses for 
nearly-lamellar and duplex microstructures at 23°C, 600°C, and 800°C. The 
stress ratio (0.1) and frequency (350 Hz) of each test remained constant.
27
Fatigue strengths have been determined for each microstructure at each of the 
test temperatures. Fatigue strength has been defined as the maximum strength 
associated with a corresponding life of 108 cycles. Note that all fatigue and 
tensile fractures occurred within the 20 mm uniform gage section of the test 
specimen. The effects of porosity on the duplex fatigue life at 600°C have also 
been determined. Damage mechanisms at crack initiation sites were identified 
with the use of fractography. Initial and final flaw sizes have been characterized, 
and the subsequent fracture stress intensity factor (Kq) values have been 
determined.
Influence of Temperature on Nearly-Lamellar Fatigue Life
The influence of temperature on fatigue life for the nearly-lamellar 
microstructure has been shown in Figure 12. The general trend in the data have 
been represented by trend lines through the data. The stress values at 0.5 
cycles represented average ultimate tensile strength values using a strain rate of 
10’4 s'1 at the test temperature. The nearly-lamellar experimental fatigue data 
have been listed in Table 4. The trend in fatigue life at 23°C was bi-linear. The 
trend in the data have shown a large change in life for a small change in the 
maximum applied stress to 105 cycles. A decreasing slope in the data was 
evident beyond 105 cycles. The 600°C fatigue life data have shown a decreasing 
slope immediately from the ultimate tensile strength. Similarities have be seen 
between the fatigue behavior at 800°C and the fatigue behavior at 23°C except 
that the decreasing slope begins at 104 cycles at 800°C. The decreasing slope 
for all three temperatures was similar. The highest fatigue strength occurred at 
23°C and then decreased with an increase in temperature.
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Figures 13 a and b have shown the nearly-lamellar fatigue life data 
normalized to the yield strength and to the ultimate tensile strength at each 
temperature, respectively. The fatigue data appeared to coalesce better when 
normalized to the yield strength.
Figure 12. Nearly-lamellar fatigue life results.
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a) Normalized to yield strength
Nf
b) Normalized to ultimate tensile strength 
Figure 13. Normalized nearly-lamellar fatigue life results.
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Table 4. Nearly-lamellar experimental fatigue data.
Specimen Max.
Stress/UTS
Max.
Stress/Y.S.
Max.
Stress
(MPa)
Stress
Ratio
Freq.
(Hz)
Temp.
(°C)
Cycles to 
Failure
Forging
94-G98 0.75 0.85 344 0.1 350 23 3.26E+08 1
94-G96 0.85 0.95 386 0.1 350 23 1.67E+08 1
94-H02 0.89 1.00 406 0.1 350 23 2.60E+07 1
95-546 0.84 1.00 429 0.1 350 23 8.55E+06 2
94-G99 0.93 1.05 426 0.1 350 23 1.04E+05 1
94-H05 1.00 1.12 455 0.1 350 23 3.53E+05 1
95-644 0.55 0.73 290 0.1 350 600 2.80E+08 * 2
95-576 0.62 0.82 325 0.1 350 600 1.42E+07 2
95-578 0.66 0.88 350 0.1 350 600 3.40E+06 2
95-577 0.66 0.88 350 0.1 350 600 2.93E+07 2
95-580 0.71 0.95 375 0.1 350 600 3.79E+05 2
95-574 0.76 1.00 399 0.1 350 600 7.49E+03 2
95-575 0.80 1.06 420 0.1 350 600 3.29E+04 2
95-581 0.65 0.77 275 0.1 350 800 7.82E+07 2
95-641 0.71 0.84 300 0.1 350 800 1.42E+06 2
95-637 0.77 0.91 325 0.1 350 800 1.84E+06 2
95-638 0.83 0.98 350 0.1 350 800 1.30E+06 2
95-639 0.88 1.05 375 0.1 350 800 2.28E+05 2
95-640 0.94 1.13 400 0.1 350 800 2.83E+03 2
* specimen did not fail
Influence of Temperature on Duplex Fatigue Life
The influence of temperature on fatigue life for the duplex microstructure 
has been shown in Figure 14. The stress values at 0.5 cycles represented the 
ultimate tensile strength values at the strain rate of 10‘4s’1. The duplex 
experimental data have been listed in Table 5. The trend of the duplex fatigue 
life data was different for each temperature. At 23°C, 5 X 10e cycles were
obtained at a stress level that was only 67 MPa lower than the ultimate tensile
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strength. From the available data, an almost horizontal line could characterize 
the fatigue lives at 23°C. An increase of nine orders of magnitude in life was
Nf
Figure 14. Duplex fatigue life results. 
Table 5. Duplex experimental fatigue data.
Specimen
ID
Max.
Stress/UTS
Max.
Stress/Y.S.
Max.
Stress
(MPa)
Stress
Ratio
Freq.
(Hz)
Temp.
(°C)
Cycles to 
Failure
Forging
94-H15 0.87 0.90 423 0.1 350 23 1.00E+09 * 1
94-H13 0.95 1 465 0.1 350 23 5.85E+08 1
95-675 0.64 0.90 384 0.1 350 600 1.42E+08* 2
95-678 0.71 1.00 427 0.1 350 600 1.11E+08* 2
95-668 0.75 1.05 448 0.1 350 600 1.79E+08 * 2
95-676 0.85 1.20 512 0.1 350 600 5.53E+03 2
95-679 0.85 1.20 512 0.1 350 600 9.03E+03 2
95-665 0.57 0.58 200 0.1 350 800 2.00E+08 * 2
95-664 0.71 0.73 250 0.1 350 800 2.48E+06 2
95-672 0.78 0.80 275 0.1 350 800 7.92E+07 2
95-670 0.87 0.90 306 0.1 350 800 1.97E+07 2
95-671 0.97 1.00 340 0.1 350 800 4.00E+06 2
95-673 1.02 1.05 357 0.1 350 800 7.38E+06 2
95-674 1.16 1.20 408 0.1 350 800 8.96E+04 2
specimen did not fail
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achieved with a very small change in stress. Behavior similar to the behavior at 
23°C also occurred in the fatigue data at 600°C. The data displayed a larger 
negative slope at 600°C than at 23°C since the ultimate tensile strength was 
higher at 600°C than at 23°C. A bi-linear relationship of fatigue life to maximum 
stress was shown at 800°C. Again, an almost horizontal line from UTS to 
approximately 105 cycles could represent the lower life behavior. A negative 
slope developed at approximately 105 cycles for longer fatigue lives. Two fatigue 
tests were run at a maximum stress greater than the ultimate tensile strength with 
approximate lives of 105 and 107 cycles. Evidence of scatter (approximately two 
orders of magnitude) was seen in the fatigue life data beyond 105 cycles at 
800°C. When the fatigue life data were normalized to the yield strength and 
ultimate tensile strength, the data did not coalesce well as shown in Figure 15.
The effect of porosity on the fatigue life of the duplex microstructure at 
600°C can be seen in Figure 16. A tremendous decrease in fatigue life (greater 
than five orders of magnitude) occurred when porosity existed in the duplex 
specimens.
33
M
AX
IM
UM
 STR
ES
S
/U
TS
 
M
AX
IM
UM
 ST
RE
SS
/Y
.S
.
Nf
a) Normalized to yield strength
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Figure 15. Normalized duplex fatigue life results.
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Figure 16. Effects of porosity on the duplex microstructure at 600°C.
Influence of Microstructure on Fatigue Life
Fatigue lives, as a function of microstructure at 23°C, 600°C, and 800°C, 
can be seen in Figures 17-19. The duplex microstructure exhibited superior 
fatigue lives at 23°C and 600°C than the nearly-lamellar microstructure. At 
800°C, the duplex and nearly-lamellar microstructures exhibited similar fatigue 
lives. The duplex microstructure exhibited superior fatigue strength/UTS ratios at 
all three temperatures as shown in Table 6. The fatigue strength/UTS ratio was 
calculated using the UTS from the 10’4 s_1 strain rate tensile tests at each 
temperature.
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Figure 17. Effects of microstructure at 23°C
Nf
Figure 18. Effects of microstructure at 600°C.
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Nf
Figure 19. Effects of microstructure at 800°C.
Table 6. Ratio of fatigue strength at 108 cycles/UTS.
Temperature (°C) Duplex F.S./UTS N.L. F.S./UTS
23 0.87 0.75
600 0.75 0.60
800 0.78 0.65
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Direct Current Electric Potential Results
The change in electric potential during a characteristic fatigue test can be 
seen in Figure 20. The electric potential results in Figure 20 were obtained from 
a single fatigue test that was run until failure. The results indicated that the 
electrical resistance of the test specimen did not change by ±0.25 % throughout 
the fatigue life.
Figure 20. Electric potential difference results.
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Initiation Site Damage Mechanisms
Damage mechanisms at initiation sites have been determined for the 
nearly-lamellar and duplex microstructures at 600°C and 800°C. Table 7 has 
provided a summary of the fracture mechanisms at each temperature for the 
nearly-lamellar and duplex microstructures. Due to the lack of heat tinting at 
23°C, it was difficult to identify the initiation sites on the room temperature nearly- 
lamellar fracture surfaces. Each fatigue specimen's fracture surface was 
examined by optical and scanning electron microscopy. The elevated 
temperature crack initiation sites were identified by heat tinting on the fracture 
surface and by the identification of transgranular failure in the surrounding 
gamma grains. It has been shown [17] that the gamma grains fail in a 
transgranular mode in the low to medium AK ranges at elevated temperatures. In 
the high AK and overload regions, the gamma grains fail in an intergranular 
mode. The difference between the transgranular and intergranular fracture at 
800°C can be seen in Figure 21.
Interlamellar and translamellar damage mechanisms that were identified at 
crack initiation sites have been shown in Figures 22-24 on the nearly-lamellar 
fracture surfaces. The interlamellar initiation site was observed at every crack 
initiation site that led to the dominate crack. In the case of the translamellar 
initiation sites, the crack did not propagate beyond the grain in which the crack 
had initiated. The translamellar initiation sites occurred in specimens that also 
had an interlamellar initiation site. All of the nearly-lamellar initiation sites were 
located at the surface of the test specimen.
Initiation sites in the duplex microstructure occurred at the surface and at 
the interior of the test specimen. The critical crack that initiated at a gamma disk 
in every duplex test specimen has been shown in Figure 25. Transgranular
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fracture of a single gamma grain was observed at the initiation sites. The crack 
initiated at the large gamma grain in a transgranular mode and then propagated 
into the duplex microstructure.
Table 7. Summary of failure mechanisms for the nearly-lamellar and duplex 
microstructures.
Microstructure Condition Failure
Mechanism
Remarks
Nearly-lamellar Fatigue at 600°C 
and 800°C
Interlamellar Always led to 
dominate crack
Nearly-lamellar Fatigue at 600°C Translamellar Occurred in 
specimens with 
multiple initiation 
sites. Crack 
always arrested in 
the grain in which 
it initiated.
Duplex Fatigue at 600°C
and 800°C
Transgranular Transgranular 
fracture of large 
gamma grain in a 
gamma disk.
40
a)
b)
Figure 21. Fractographs showing a) transgranular and b) intergranular gamma 
fracture
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Figure 22. Interlamellar fracture surface with interlamellar initiation at a, and 
translamellar fracture at b.
Figure 23. Interlamellar initiation site on the nearly-lamellar fracture surface 
shown in figure 22 at site a.
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Figure 24. Translamellar initiation site on the nearly-lamellar fracture surface 
shown in figure 22 at site b.
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a)
b)
Figure 25. Duplex fracture surface showing a) sub-surface initiation at a 
gamma disk and b) transgranular fracture at the initiation site.
44
Initial and Final Flaw Size Results
The initial and final flaw sizes (Table 8) were determined so that Kq values 
could be calculated, and comparisons could be made between predicted life 
values and experimental life values. Since all of the initiation sites occurred at an 
interlamellar separation in the nearly-lamellar microstructure, the initial flaw size 
was determined by the size of the lamellar grain that had separated. Each 
lamellar grain was examined for an incremental thickness in oxide across the 
lamellar platelet. No evidence of an incremental thickness in oxide was 
observed. Therefore, the complete lamellar separation was assumed to occur 
within a limited number of cycles. The initial flaw size in the duplex 
microstructure was determined by the size of the gamma grain where initiation 
occurred.
Two methods of examination were used to determine the final flaw size for 
the nearly-lamellar and duplex microstructures. The first method involved the 
identification of heat tinting on the fracture surface. The fracture surface was 
examined for evidence of an oxide or discoloration. The second method involved 
the identification of transgranular gamma fracture. As stated previously, the 
gamma grains fractured in a transgranular mode in the low to medium AK region 
of crack propagation. By identifying the transition of transgranular to 
intergranular fracture of the gamma grains, the beginning of the overload region 
may be identified. The transition from transgranular to intergranular gamma 
fracture occurred prior to the end of the heat tinted region.
The Kq values were determined using the calculations for a semi-elliptical 
surface crack in a finite body [18],
K = omax • P • a/k • a , (1)
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where (3 denotes the geometric factor, amax denotes the maximum stress, and a 
denotes the crack length. Since all of the flaw sizes were small in comparison to 
the cross-section and none of the flaws were located close to a corner or 
neighboring edge of the cross-section boundary, the value of p was determined 
to be approximately 0.7 for all initial and final flaws.
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Table 8. Initial and final flaw sizes with K initial and Kq calculations.
Specimen
ID
Final Flaw 
Size (m)
Initial Flaw 
Size (m)
Aa (m) Max.
Stress
(MPa)
K initial 
(MPa^na)
Kq (MPa^rca)
Nearly-Lamellar, 600°C
95-576 0.000651 0.000105 0.000546 325 4.13 10.29
95-578 0.000506 0.00011 0.000396 350 4.55 9.77
95-577 0.000638 0.000105 0.000533 350 4.45 10.97
95-580 0.000632 0.000106 0.000526 375 4.79 11.69
95-574 0.000573 0.000096 0.000477 399 4.85 11.85
95-575 0.000466 0.000098 0.000368 420 5.16 11.25
Nearly-Lame lar, 800°C
95-581 0.000605 0.000071 0.000534 275 2.87 8.39
96-641 0.000438 0.000073 0.000365 300 3.18 7.79
95-637 .000750 0.000135 0.000615 325 4.68 11.04
95-638 0.000344 0.000085 0.000259 350 4.00 8.05
95-639 0.000596 0.000125 0.000471 375 5.20 11.36
95-640 0.000355 0.000087 0.000268 400 4.63 9.35
Duplex, 600°C
95-676 0.000462 0.000094 0.000368 512 6.16 13.65
95-679 0.000502 0.000089 0.000413 512 5.99 14.23
Duplex, 800°C
95-672 0.000371 0.000087 0.000284 275 3.18 6.57
95-670 0.000381 0.000097 0.000284 306 3.74 7.41
95-671 0.00035 0.000098 0.000252 340 4.17 7.89
95-673 0.000371 0.000092 0.000279 357 4.25 8.53
95-674 0.000506 0.000037 0.000469 408 3.08 11.38
95-664 0.000512 0.000062 0.00045 250 2.44 7.02
CHAPTER IV
DISCUSSION
Since the fatigue tests were performed at a frequency of 350 Hz, fatigue 
lives beyond 108 cycles were obtained in a reasonable time of 4 days. Less 
extrapolation of the data was needed since longer lives were obtained; and, 
environmental effects were minimized at 350 Hz compared to 30 Hz since the 
time at elevated temperature was reduced. The test frequency of 350 Hz also 
resembles the natural resonate frequencies of a turbine blade closer than using a 
frequency of 30 Hz. Duplex and nearly-lamellar fatigue fractures occurred 
beyond 108 cycles showing that life at 107 cycles cannot be considered runout. 
Identification of this type of behavior was important since the actual components 
may see lives beyond 109 cycles when used in turbine blade applications and 
operate at natural frequencies that are higher than 350 Hz. The downward trend 
in the nearly-lamellar fatigue life data have shown that an endurance limit did not 
exist up to fatigue lives of 3 X 108 cycles. The fatigue strength of the material 
must be accompanied by a corresponding cycle count.
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Effect of Temperature on Fatigue Life
A slight effect of temperature on the nearly-lamellar fatigue behavior has 
been seen. The fatigue data exhibited conventional fatigue behavior beyond 105 
cycles. The lamellar microstructure has been shown [9] to have a better 
resistance to fatigue crack growth than the duplex microstructure. A period of 
stable crack growth existed at stresses below the maximum stress associated 
with 105 cycles. The final flaw sizes were largest at the lower stresses. 
Therefore, reinforcing the fact that a period of stable fatigue crack growth existed 
in the nearly-lamellar specimens; although, this period may be very short when 
compared to the overall life of the specimen. Kumpfert [10] has shown a similar 
fatigue behavior for the nearly-lamellar microstructure at 800°C but did not show 
a similar behavior at 600°C. The difference in fatigue behavior may be due to a 
geometry or frequency effect. Kumpfert used an hour-glass test specimen 
geometry that did not sample as large of a volume of material as the flat-dogbone 
specimens that were used in this investigation. The decrease in fatigue strength 
with an increase in temperature may have been associated with the decrease in 
yield strength with an increase in temperature. When normalized to the yield 
strength, the nearly-lamellar fatigue data coalesced better.
A tensile loading and unloading test was performed on a nearly-lamellar 
specimen to investigate the extent of overall damage in the specimen at different 
strain levels at 800°C. The loading and unloading test was performed in strain 
control at a strain rate of 10’4 s*1. Tensile data were collected on loading and 
unloading. The yield strength occurs at approximately 0.5% strain. The test 
specimen was loaded to 0.2 % strain and then unloaded followed by loading to 
0.5% strain and then unloaded. The final loading was to 1.5% strain and then the 
specimen was unloaded. No substantial difference in the modulus on any of the
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loadings or unloadings was noticed. The test specimen was cooled to room 
temperature following the last unloading and then failed by performing a room 
temperature tensile test. The fracture surface of the specimen was examined 
using scanning electron microscopy. No heat tinting on the fracture surface was 
seen. The fact that the loading and unloading modulus values were essentially 
the same and that no evidence of heat tinting was found on the fracture surface 
suggested that internal and surface flaws were not present at any of the different 
strain levels.
A larger effect of temperature was seen on the fatigue behavior of the 
duplex microstructure. The large change in life over a small stress range at 23°C 
was due to the lack of ductility in the duplex microstructure. Once the dominant 
crack initiated, resistance to crack propagation [9] was minimal. The fatigue 
behavior at 600°C suggested that initiation was still a major portion of the fatigue 
life. The S-N behavior had a small negative slope that was caused by an 
increase in ductility at 600°C. The UTS was higher at 600°C due to strain 
hardening. The fatigue behavior at 800°C was similar to the fatigue behavior 
seen in the nearly-lamellar microstructure. At 800°C, the ductility of the duplex 
microstructure increased tremendously. The increase in ductility produced a 
region of stable crack growth in the test specimen. Two fatigue tests were 
performed at a maximum stress greater than the ultimate tensile strength. 
Maximum fatigue test stresses that were greater than the ultimate tensile 
strength can be explained by the strain rate sensitivity of the duplex 
microstructure at 800°C. A 164 MPa increase in the ultimate tensile strength has 
been shown [10] in tensile tests when the strain rate was increased from 10’4 s-1 
to 5X10-2 s-t
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Effect of Frequency on Fatigue Lives
The 350 Hz fatigue data for the duplex microstructure was compared to 40 
Hz fatigue data [8] at 23°C in Figure 26. Note that the specimens used for the 
350 Hz fatigue data at 23°C did not have the gamma disks in the duplex 
microstructure. The fatigue lives at 350 Hz were longer than the fatigue lives at 
40 Hz for the same maximum stress. The increase in lives at 350 Hz can be 
explained by a strain rate effect on the ultimate tensile strength. Approximately, 
one order of magnitude higher strain rate was encountered at 350 Hz compared 
to 40 Hz. With the nearly-lamellar microstructure, the ultimate tensile strength 
increased with an increase in frequency. The duplex microstructure should 
behave similarly.
The 350 Hz duplex fatigue data at 600°C and 800°C were compared to the 
25 Hz duplex fatigue data at 600°C and 800°C in Figures 27 a and b, 
respectively. At 600°C, longer lives were achieved at 25 Hz compared to 350 Hz. 
The reduction in fatigue lives at 350 Hz may be an effect of the brittle gamma 
disks in the test specimens that were tested at 350 Hz. At 800°C, similar fatigue 
lives were seen at 350 Hz and 40 Hz to 105 cycles. Beyond 105 cycles, longer 
fatigue lives are achieved at 350 Hz. These data suggested that frequency or 
time-at-temperature could influence fatigue lives. The fatigue data at 350 Hz and 
25 Hz coalesced when the maximum stress was displayed vs. time-to-failure in 
Figure 28. For lives greater than 105 in these data, cycles to failure were 
proportional to frequency. For approximately one order of magnitude increase in 
frequency, approximately one order of magnitude increase in fatigue life at a 
given maximum stress was achieved. The longer time-at-temperature allowed 
the environment to influence the fatigue lives. The gamma disks did not effect
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the fatigue lives at 800°C due to the increased ductility of the gamma disks at this 
temperature.
No data were available in the literature to compare to the nearly-lamellar 
microstructure used in this investigation.
Figure 26. Frequency effect on the duplex microstructure at 23°C.
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Figure 27. Frequency effect of duplex microstructure.
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Figure 28. Time-to-failure for the duplex microstructure at 800°C. (25 Hz [10] and 
350 Hz)
Effect of Porosity on the Duplex Fatigue Life
As seen in Figure 16, inherent porosity in the test specimen was 
detrimental to the fatigue life. More than four orders of magnitude in life were lost 
when porosity was evident in the test specimen at the initiation site. In every 
specimen with the porosity, the critical crack initiated at the porosity. The porosity 
size (approximately 50 pm) was similar to that of the duplex microstructure. 
Since the porosity size was relatively small, detection can be extremely difficult 
with non-destructive evaluation (NDE) techniques. The fatigue life with porosity 
was probably entirely crack propagation. The porosity acted as a pre-existing 
flaw and eliminated the initiation portion of the overall fatigue life.
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Damage Mechanisms at Initiation Sites
Damage mechanisms were identified for the nearly-lamellar microstructure 
at 600°C and 800°C and for the duplex microstructure at 23°C, 600°C, and 
800°C.
The fatigue initiation sites on the fracture surfaces of the nearly-lamellar 
specimens tested at 23°C could not be identified with optical and scanning 
electron microscopy. The initiation site, on the 23°C duplex specimen that failed, 
was identified using river markings on the fracture surface.
All of the initiation sites in the nearly-lamellar microstructure at 600°C and 
800°C occurred by interlamellar separation at the surface of the specimen. The 
morphology of the separated lamellar grain was very flat. This feature was not 
seen in the specimens that failed under monotonic loading. The interlamellar 
fractures under monotonic loading did not have a tendency to be as featureless 
as the interlamellar fractures under cyclic loading. Very few interlamellar 
fractures were observed at the specimen surface under monotonic loading. The 
strength of a single lamellar grain, oriented with the lamellar plates at a 90° angle 
to the loading direction, has been shown [19] to be stronger than if the plates are 
oriented at 0° angle to the loading axis. A phenomenon was occurring under 
cyclic loading that did not occur under monotonic loading. Since slip occurred 
easiest along the interlamellar interface, the cyclic loading moved the dislocations 
along that slip plane. The active slip weakened the lamellar interface leading to 
separation.
The initiation site for every duplex specimen at 600°C and 800°C, under 
cyclic loading, occurred at a large gamma grain that was located in a gamma 
disk. Failure at the gamma disks was not seen in the specimens that failed under 
monotonic loading. The gamma grains in the gamma disks may have failed
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across an annealing twin in the gamma grain. The twin boundary had an active 
slip system that weakened the interface under cyclic loading. The gamma grains 
were oriented at a positive angle with the loading axis which provides the shear 
force required to move the dislocations along these slip planes. The annealing 
twins were very similar to the annealing twins that formed the y-y interfaces in the 
lamellar grains. Current NDE of the test specimens could not identify the lamellar 
disks. If the disks can not be identified but are present, the fatigue life of the 
component may be significantly reduced resulting in catastrophic failure.
Stress Intensity Factor Calculations and Fatigue Life Analysis
Various techniques were used to identify the initiation and crack 
propagation portions of the overall fatigue life. DCEP was used to monitor the 
progression of damage in the test specimen. Specimens that did not fail in 
fatigue at elevated temperature were tensile tested at room temperature and the 
fracture surfaces were investigated for heat tinting. Initial and final flaw sizes 
were measured at 600°C and 800°C in order to calculate the initial and final 
stress intensity factor values. The initial and final flaw size information was used 
to predict the propagation fatigue life and then compare the prediction with the 
experimental fatigue life.
The DCEP results suggested that the fatigue behavior for the nearly- 
lamellar and duplex microstructures are initiation dominated. At 350 Hz, the 
DCEP monitoring system did not record any change in the relative voltage 
potential across the specimen throughout the duration of the fatigue test. The 
initial flaw sizes of 100 pm were too small to be detected by the DCEP monitoring 
system while the final flaws (approx. 600 gm) propagated too fast towards the 
end of the overall life to be detected.
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Specimens that did not fail in fatigue were tensile tested at room 
temperature. A nearly-lamellar specimen that had been fatigued at 600°C with a 
maximum stress of 350 MPa for 3.8 X 106 cycles was examined. A previous 
fatigue test at this stress level produced 3.4X106 cycles. The examination of the 
room temperature tensile test fracture surface showed no indication of initiation 
sites at the surface of the specimen.
The calculated stress intensity factor values at initiation for the duplex 
microstructures were very similar to the stress intensity values at initiation for the 
nearly-lamellar. The similarity was due to similar initial flaw sizes in the duplex 
and nearly-lamellar microstructures. The stress intensity values for the nearly- 
lamellar microstructure could not be compared to long crack growth data since no 
long crack growth data was available for the nearly-lamellar microstructure. The 
stress intensity factors for the duplex microstructure were lower than values 
obtained from long crack growth research [9]. These values were different since 
the gamma disks provided a microstructure that was different than the baseline 
duplex microstructure. The initial stress intensity factor was lower since the crack 
initiated in a large gamma grain and not the fine grained duplex microstructure. 
The calculated fracture stress intensity factor was lower since the majority of the 
critical crack propagated through the gamma disk instead of only the duplex 
microstructure.
Two duplex specimens that were fatigued at 600°C up to 108 cycles at a 
maximum stress of 427 MPa and 384 MPa were tensile tested at room 
temperature. Neither of these specimens showed any indication of initiation 
when examined after room temperature tensile testing.
Life predictions were made using a Paris law relationship for fatigue crack
growth rate
57
da
dN
= C(AK)m, (2)
where C and m were the Paris constants and AK was the stress intensity factor 
range. The stress intensity factor range was expressed as
AK = Ao• P• Vn-a , (3)
where p was a geometry factor [18] and a was the flaw size. The substitution of 
(3) into (2) and integrating yielded
N0-N1 = 1 1
C.pm+ ? Aom
m 1 m i 
(Aa + a-|)2 + (4)
where N2-N1 was the portion of life associated with crack propagation and Aa 
was the change in flaw size from initiation to fracture. The propagation life was 
then normalized to a constant as follows:
Nprop(pred) = N2-N1
m
(Aa + a^ (5)
where Co is a constant.
The normalized predicted propagation life was plotted against the 
experimental life in Figures 29 and 30. The relative slope of the data should 
have equaled 1 if the normalized predicted propagation life was a large portion of 
the experimental life. The m exponent was assumed to be m = 5. This 
assumption was made since values close to 5 at 600°C and 800°C were reported 
[9] for Paris law fits of crack growth data on this alloy. A very weak dependence 
has been shown to exist between the normalized predicted lives and the 
experimental lives in Figures 29 and 30. The majority of the overall fatigue life
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was crack initiation and small crack growth. A plot for the 600°C duplex data has 
not been shown since too few data exist.
Figure 29. Normalized predicted life (Npred/C) vs. experimental life (Nf) for the 
duplex microstructure at 800°C.
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Figure 30. Normalized predicted life (Npred/C) vs. experimental life (Nf) for the 
nearly-lamellar microstructure at 600°C and 800°C.
CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
The characterization of fatigue lives beyond 108 cycles has shown that no 
endurance limit for these microstructures was present for fatigue lives up to 108 
cycles. The advantages to using high frequency testing were that environmental 
effects were minimized, less extrapolation of the fatigue data was needed, the 
test time was reduced, and the higher frequency (350 Hz) was an order of 
magnitude closer to the natural resonance frequencies that the turbine blades 
operate at compared to a test frequency of 30 Hz.
The influence of temperature on the nearly-lamellar microstructure 
reduced the fatigue strength as the temperature increased. The 23°C and 600°C 
duplex fatigue strengths were similar while the fatigue strength decreased at 
800°C.
The duplex microstructure showed superior fatigue strength/UTS ratios at 
all three temperatures when compared to the nearly-lamellar. At 800°C, the 
duplex microstructure showed more than two orders of magnitude of scatter for 
lives greater than 106 cycles.
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Porosity, with a size approximately the same as the microstructure grain 
size, had a detrimental effect on the duplex fatigue life. The porosity was a pre­
existing flaw that eliminated the initiation portion of the fatigue life. The porosity 
was detrimental because crack initiation was a major part of the fatigue life. If 
non-destructive evaluation techniques can not identify this type of porosity, the 
fatigue life will be reduced drastically.
Interlamellar and translamellar damage mechanisms were responsible for 
crack initiation in the nearly-lamellar microstructure. The interlamellar initiation 
sites propagated into the critical crack while the translamellar initiation sites did 
not propagate beyond the grain in which they initiated.
Stress intensity calculations, from the initial and final flaw sizes, showed 
that a small increment existed between the initial and final stress intensity factor 
values. Crack propagation was a very small portion of the overall fatigue life for 
the nearly-lamellar and duplex microstructures.
Recommendations
Considering the results of this investigation, future work on this alloy 
should concentrate on the effects of defects on high-cycle fatigue behavior. Even 
though the duplex microstructure displayed higher fatigue strength/UTS ratios 
than those exhibited by nearly-lamellar microstructure, a large reduction in life 
due to inhomogeneities in the microstructure such as porosity make the duplex 
microstructure look less attractive. An improvement is needed in the material 
processing of the forged pancakes.
Future modeling should be performed by combining the fatigue life data 
with AK thresholds since the majority of the fatigue life is spent in crack initiation 
and small crack growth. A small crack growth study could possibly provide the
62
answers needed to fully understand the initiation and small crack growth region 
of the overall fatigue life.
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